Purpose Arbuscular mycorrhizal fungi (AMF) play important key roles in the soil ecosystems as they link plants to the root-inaccessible part of soil. The aims of this study were to investigate which environmental factors influence the spatial and temporal structuring of AMF communities associated to Picconia azorica in two Azorean islands (Terceira and São Miguel islands), and investigate the seasonal variation in AMF communities between the two islands.
Introduction
Arbuscular mycorrhizal fungi (AMF) are mutually beneficial associations between plant roots and soil fungi of the phylum Glomeromycota (Schüßler et al. 2001 ). This symbiotic relationship facilitates plant growth through enhancing uptake of several macro-and micro-nutrients of low mobility (e.g., P, Zn, Cu) in soil (Porras-Soriano et al. 2009; Bati et al. 2015) . Arbuscular mycorrhizas can also provide other ecological advantages such as influencing microbial and chemical environment of the mycorrhizosphere (Wang et al. 2007; Trabelsi and Mhamdi 2013) , stabilising soil aggregates (Rillig and Mummey 2006; Willis et al. 2013 ) and conferring plant tolerance to several abiotic and biotic stresses (Hildebrandt et al. 2007; Pozo and Azcón-Aguilar 2007) . Several studies have pointed out that communities of AMF occurring in different ecosystems have different species composition (Öpik et al. 2006; Zhao et al. 2017) , and their distributions may be products of environment, interspecific competition and regional spatial dynamics (Lekberg et al. 2007) . Recent studies also suggest that land management can impact the diversity and distribution of AMF. More intensively, conventionally managed farm soils exhibit lower diversity and greater similarity of AMF communities than less intensively organically managed soil (van der Gast et al. 2011; Melo et al. 2014) .
Seasonal fluctuations such as rainfall patterns (Hazard et al. 2013; Alguacil et al. 2015) and temperature (Dumbrell et al. 2011) influence AMF development in the soil. Levels of available N (Egerton-Warburton et al. 2007; Velázquez et al. 2018) , P (Bainard et al. 2014; Zhao et al. 2017) , soil pH , soil moisture (Deepika and Kothamasi 2015) and organic matter (OM) (Alguacil et al. 2014; Wang et al. 2015) can influence AMF communities.
The Azores archipelago has some ecosystems with high diversity of endemic plants species. The native forest of the Azores, which is one such reservoir of biodiversity, includes the so-called Laurisilva (Elias et al. 2016) covering less than 10% of the total area of the archipelago, and being almost absent in some islands (e.g., Graciosa, Corvo) due to human activities (Borges et al. 2005) .
Picconia azorica (Tutin) Knobl. (Oleaceae), locally named "pau-branco", is an endangered species endemic to Laurisilva forest, present in all the islands except Graciosa (Silva et al. 2009 (Silva et al. , 2010 , being present in coastal and medium elevation forests, coastal cliffs, ravines, lava flows, coastal scrubland (with Erica azorica, Morella fava; Picconia-Morella" Lowland forest sensu Elias et al. 2016 ) and natural forests (with Morella fava, Laurus azorica; "Laurus submontane forests" sensu Elias et al. 2016) . Because of habitat degradation, it is a priority Azorean endemic species for conservation, listed as endangered (EN B1 + 2c) on the IUCN Red List 2004, and in Annex II of the EC Habitats Directive. Habitat degradation by expansion of agricultural land, forestation, competition by alien species and isolation of populations (Silva et al. 2009 ) threaten P. azorica populations. Vegetative and seed propagation (Martins et al. 2011 (Martins et al. , 2012 , and knowledge of population genetics (Martins et al. 2013 ) have been improved. However, to design effective conservation strategies or recovery plans, improved knowledge of plant distribution, population number, population size and the ecological constraints to species establishment is needed (Brigham and Schwartz 2003) .
The use of native or indigenous mycorrhizas from soil can benefit restoration programs, by improving plant nutrition and performance under environmental stress and facilitating plant adaptation in both nursery and field conditions (Graham et al. 2013; Maltz and Treseder 2015) . Selection of appropriate AMF and production of local inocula, in sufficient quality and quantity are critical issues for their application in agriculture, because native AMF isolates appear to be physiologically and genetically adapted to the stress conditions of the target environment and to their native host (de Oliveira et al. 2017) . Two previous studies detail native AMF communities and the mycorrhizal status of Juniperus brevifolia and Picconia azorica in Azorean native forest (Melo et al. , 2018 which phylogenetic analysis showed that at least 18 species were present in the root zone of P. azorica, but different patterns of richness and distribution between islands (Terceira and São Miguel) suggested that geographical and historical factors are determining shaping of AMF communities in native forest of Azores. Here, we discuss likely causes of these differences. However, which factors contribute to shape AMF composition with reference to specific host species under different environmental conditions are still unknown in Azorean native forest. AMF are ecologically and functionally distinct and vary in their response to changes in the abiotic environment (Van der Heijden and Scheublin 2007; Soka and Ritchie 2014). Consequently, the knowledge of the mycorrhizal condition on soil and their variability over time is essential to determine different sporulation patterns, and the variation in the occurrence of species in different AMF families. This would enable the selection of functionally complementary species, or their combinations, which could be crucial for using AM technology in the survival of endemic plants under field conditions.
The objective of this study are to investigate which environmental factors influence the spatial and temporal structuring of AMF communities associated to P. azorica in two Azorean islands (Terceira and São Miguel islands) and determinate if there was the seasonal differences in AMF communities between the two islands.
Material and methods

Study sites
The Azores have a temperate oceanic climate characterised by high levels of relative atmospheric humidity (up to 95% in high elevation native forests), ensuring moderate thermal variations throughout the year (Azevedo et al. 1999) . The average temperature is 17.5°C in low elevations, with the maximum temperature (26°C) in August and minimum (10°C) in February (Azevedo et al. 1999) . Precipitation reaches its peak in January-February and is at a minimum in July (Azevedo 1996) : Angra do Heroísmo (47 m), 969 mm year (140 mm in January and 40 mm in July); and Serra de S. Bárbara (1023 m), 3000 mm year (Azevedo 1996) .
This study was conducted in two Islands of the Azorean archipelago, São Miguel (4.01 Myr old) and Terceira (4 Myr old) (Ávila et al. 2016) . In Terceira, the native forest include two native fragments of Picconia azorica-Terra Brava (TB) and Serreta (TS) (Melo et al. 2018) . Terra Brava is included in the very wet Laurisilva at 650 m elevation, dominated by endemic woody plants, predominantly Laurus azorica, Ilex perado azorica, Frangula azorica, Vaccinium cylindraceum, Erica azorica, Myrsine africana, and occasionally by Juniperus brevifolia and P. azorica. Serreta is at low elevation (160 m) and is characterised by a low diversity of plants, mainly by Morella faya and P. azorica, and occasionally by L. azorica. These forests are located in the most thermophilic areas of Azores and are almost extinct (Dias 1996) . The highest canopy is dominated by a dense cover of Pittosporum undulatum, and rarely by L. azorica. This forest is mixed with other invasive woody. species including Metrosideros excelsa, Eucalyptus globulus, Acacia melanoxylon, Sphaeropteris cooperi, Fuchsia magellanica and Rubus inermis. The herbaceous stratum is dominated by Dryopteris azorica, Hedera helix var. azorica, Smilax aspera and Gomphocarpus fruticosus (Dias 1996) . In São Miguel, the two native fragments of P. azorica -Lombo Gordo (SG) and Ribeira Quente (SR) are located at low lands (Melo et al. 2018) . Lombo Gordo (95 m elevation) is covered by a coastal scrubland where P. azorica dominates in certain areas but is mixed with other native and invasive woody species including M. faya, E. azorica, P. undulatum, Arundo donax, Hedychium gardnerianum and Phormium tenax (Martins et al. 2011) . Ribeira Quente (87 m elevation) is also a coastal scrubland dominated by the endemic plants L. azorica and P. azorica, but also with other native and invasive woody species such as P. undulatum, M. Faya and A. melanoxylon.
Sample collection and pot culture establishment
On the three sampling periods, September 2012 (autumn 2012), May 2013 (spring 2013) and September 2013 (autumn), 10 soil samples with associated plant roots were collected on each native fragments of P. azorica from Terceira (Terra Brava -TB; and Serreta -TS), and on each native fragments of P. azorica from São Miguel (Lombo Gordo -SG; and Ribeira Quente -SR), resulting in 120 soil samples (2 islands × 2 sites/island × 10 samples/site × 3 sampling dates). The distance between samples taken on each site was a minimum 25 m and maximum 40 m, and the distance between sample sites was about 20 km in Terceira, and 15 km in São Miguel.
Each soil sample was geo-referenced and consisted of four subsamples collected from four different points (approximately N, S, E, and W) around each P. azorica plant, which were pooled. Approximately 2 kg of soil was collected from the rooting zone of each P. azorica to a depth of 20-30 cm with a shovel; vegetation cover was removed during sampling and replaced afterwards. The soil samples were air-dried, sieved through a 2-mm mesh, and stored at 4°C before analysis. Subsequent samples were taken from the same marked plants following the cardinal points.
Spore identification
Two open pot trap cultures (Gilmore 1968) were established from each sample, one with 1-week-old Zea mays seedlings, and the other with micropropagated P. azorica seedlings (Melo et al. 2014 (Melo et al. , 2018 . Seeds of Z. may were surface sterilised by immersion in alcohol (96%) for 30 s, 4% household bleach for 2 min, followed by two rinses in sterile distilled water. Seeds were sown in trays on autoclaved volcanic soil and germinated in the greenhouse. Micropropagated P. azorica seedlings were derived from a single clone of the in vitro collection of CBA-UAc, previously acclimatised for 2 months in the greenhouse. One seedling of each host plant was planted into each pot, containing 1.5 kg of fresh soil sampled from each site mixed with autoclaved volcanic soil (2:1, v/v). Ten pots per sampling site were established, resulting in 240 open-pot cultures (4 sites × 10 samples/site × 3 sampling dates × 2 trap cultures). All pots were maintained in a greenhouse for 5 months and watered every 2 days with distilled water.
Glomeromycotan spores were extracted from 50 g of airdried soil of each sample from field soil and trap cultures by wet sieving and sucrose centrifugation (Walker 1992) and were stored at 4°C in autoclaved water pending examination. Different spore types were initially separated, in water, under a stereo-microscope. Representatives of each morphotype were identified through a compound microscope in a 4:1 mixture of polyvinyl alcohol lacto-glycerol (PVLG) and Melzer's reagent, photographed and stored as semi-permanent slide preparations. The morphotypes were counted under a dissecting microscope after classification into either known species, or types that could not be placed in a current species, based on colour, size, surface ornamentation, hyphal attachment, reaction to Melzer's reagent and wall structure. Identification of spores was carried out by use of primary literature and experience from more than 40 years of taxonomic study of the Glomeromycota by C. Walker (e.g., Walker and Trappe 1981; Walker et al. 1984; Koske and Walker 1985; Walker et al. 1986; Walker and Diederichs 1989; Walker and Vestberg 1998; Schüßler et al. 2011; Krüger et al. 2012; Redecker et al. 2013; Schüßler and Walker 2019) , and joint authorship with A. Schüßler of the website amf-phylogeny. com, which lists all accepted species in the phylum. The illustrated manual of Blaszkowski (2012) was also used.
Single species culture attempts of the different AM fungal morphotypes extracted from the field soil and trap cultures were established in pots using river sand as growing substrate and Plantago lanceolata as host plant. Spores with a healthy appearance (oily contents; without evidence of contamination by non-AMF) of each AM fungal morphotype were used as inoculum by placing them on the plant root system under a dissecting microscope before transplanting into the pot (Melo et al. , 2018 . Individuals of morphologically characterised spore types extracted from field soil, trap cultures or single spore cultures were used for DNA analysis. Information about molecular characterisation, including DNA extraction, PCR, cloning, RFLP, sequencing and phylogenetic analyses are published in Melo et al. (2018) .
Mycorrhizal colonisation assessment
The collected roots were stores in 50% ethanol pending processing. Root fragments of approximately 1 cm were cleared in 10% (w/v) KOH by heating at 90°C for 60 to 90 min, depending on the degree of lignification of the roots, to empty cells of their cytoplasmic contents to improve the observation of the symbiotic fungus. After that, root fragments were rinsed with water to remove all traces of KOH, and then immersed in 10% (v/v) commercial bleach until roots are clarified. Subsequently, they were left to acidify overnight in 1% HCl. Staining was with blue ink (Parker Quink 1%) for 30 min at 60°C , followed by distaining in acidified glycerol. The amount of colonisation was estimated using a grid-intersect method with 100 intersects under a compound microscope at × 200 magnification (McGonigle et al. 1990 ). Root-intersects that contained vesicles, arbuscules or hyphae were scored as mycorrhizal. The decision to score hyphae as mycorrhizal was based on the associated presence of vesicles, arbuscules, spores and the morphology of the mycelium. In total, 120 samples were examined to score 100 intersections in each sample.
Estimation of climate data
Climate data based on the mean values of temperature and rainfall for each sampling month (Sep 2012 , May 2013 and Sep 2013 were estimated for P. azorica native fragments by the Insular climate at local scale model (CIELO) model (Azevedo 1996) , which has been calibrated and validated for the Terceira and São Miguel Azores islands. The climatic environmental variables of the CIELO model are related to site regional scale characteristics and thus apply to all samples within each plot.
Soil analysis
The soil analyses (Table 1) were performed for each individual soil sample collected during the three sampling dates at the University of Azores Soil Laboratory (CITA-A). Potassium (K), calcium (Ca) and magnesium (Mg) were extracted with sodium acetate (1/5) at pH 7 and determined using a Varian ICP atomic emission spectrophotometer. Soil pH was measured from a soil and water paste (1:2.5 v/v), and available phosphorus (P) (Olsen and Sommers 1982) by atomic absorption spectrometry after extraction with a 0.5 M NaHCO 3 solution at pH 8.5. Total soil nitrogen (N) (Kjehldahl) content (Allen 1989) and organic matter (OM) (by dry-ashing) were also measured.
Data analyses
Spore density, richness and occurrence were based on spores recovered directly from the soil samples. The terms are used in the following meaning: of AMF species based on FR and RD, calculated as IV = (FR + RD)/2. An IV ≥ 50% indicates that a taxon (genus or species) is dominant; 10% < IV < 50% applies to common taxa; and IV ≤ 10% indicates that a taxon is rarely recovered (Chen et al. 2012; Abdelhalim et al. 2013) .
Analysis among native fragments followed a hierarchical nested design, with the forest fragments nested within each island and sampling time nested within fragments. Variation in spore density between islands, fragments within each island and sampling time within each fragment were analysed by Nested ANOVA followed by a Tukey honestly significant difference test at p < 0.05 (Minitab 2000) . All data were checked for normality, and transformation was attempted if necessary with the aim of fulfilling the assumptions of Nested ANOVA. AMF spore density of species in the commonest families (Acaulosporaceae, Diversisporaceae, Gigasporaceae and Glomeraceae) and mycorrhizal colonisation by different AMF structures (total colonisation, colonisation by arbuscules, intraradical spores or vesicles, and hyphae) were not normally distributed and could not be normalised by transformation to allow parametric analysis. Consequently, non-parametric methods, Kruskal-Wallis one-way analysis of variance by ranks and multiple comparisons between the samples with Kruskal-Wallis with SPSS Version 22 (Corp 2013) were applied.
To evaluate relationships between environmental variables and spore density of the commonest AMF families, and between the mycorrhizal colonisation by different AMF structures were evaluated by linear multiple regression. Differences in soil parameters among sites were tested by one-way analysis of variance, and a Tukey honestly significant difference test at p < 0.05). Principal component analysis (PCA) with the log (x + 1) including the soil parameters of each sample in each fragment was used to summarise variation and explore similarities between soils with Community Analysis Package v. 4.0 (pisces-conservation.com) (Seaby et al. 2004) . Canonical correspondence analysis (CCA) with CANOCO 4.5 (ter Braak and Smilauer 2002) was used to investigate relationships between soil variables, climate variables and density of each spore morphotype per sample. A reduced soil variable data set based on an evaluation of the Pearson product-moment correlations among spore density and soil variables (Griffith et al. 2001 ) was used to reduce problems with co-linearity in the multivariate analysis. When pairs of environmental variables were correlated at r > 0.70, one variable was dropped from the environmental data set. Significance of the CCA analysis was tested using a Monte Carlo permutation test with 1000 unrestricted random permutations of residuals (p ≤ 0.05) from a reduced model against the null hypothesis that glomeromycotan spore density was unrelated to the treatments as nominal environmental variables (ter Braak and Wiertz 1994).
Results
Soil analysis
The soil from the two islands varied significantly in all the measured chemical properties (Table 1) among the four native fragments, but not at the three sampling times. Soil pH varied significantly between the four native fragments (one-way ANOVA: F (3) = 63.47, p < 0.001). TB showed the lowest soil pH, and SG the highest, but there was no significant difference in soil pH between TS, SR and SG. Soil available N (one-way ANOVA: F (3) = 63.47, p < 0.001) and OM content (one-way ANOVA: F (3) = 49.65, p < 0.001) also changed significantly among sites. The highest values of total N and OM were observed in TB.
Soil available P (one-way ANOVA: F (3) = 13.50, p < 0.001) and K (one-way ANOVA: F (3) = 75.60, p < 0.001) varied significantly among native fragments. Concerning the two soil properties the highest values was observed in both São Miguel sites, with no significant differences among them, except for the available K, which was higher in SR than in SG. Significant differences were also found in available Ca (oneway ANOVA: F (3) = 17.36, p < 0.001) and Mg (one-way ANOVA: F (3) = 21.79, p < 0.001) among the four native fragments. For TB, Ca and Mg values were significantly lower than for TS, SG and SR, which were not significantly different from each other. Principal component analysis showed that TB was most dissimilar from the others, whereas SR and SG were more similar to each other than TB and TS (Fig. 1) . Organic matter, nitrogen content and pH were the main factors contributing to the variance of the samples, and there was a positive relationship between P, Ca and Mg content. The two axes explained 78% of the variation present in the samples.
Glomeromycotan spore types
From the 22,736 spores extracted among the 120 rhizosphere soil samples, 45 distinct morphotypes from among nine families were detected ( Table 2 ). The families with most AMF species were Acaulosporaceae (14) and Glomeraceae (9) ( Table 2 ). There were ten different undetermined glomoid morphotypes, but these cannot be placed even to genus, as the glomoid spore form is common to several different higher taxa (for example, members of the Glomeraceae and Diversisporaceae, Ambisporaceae and Paraglomeraceae possess glomoid spores, but belong in different orders). Spores from the Glomeraceae were found in almost all samples (97%) followed by those from Acaulosporaceae (76%), Gigasporaceae (53%) and Diversisporaceae (42%). Of the 45 morphotypes recorded, 22 occurred only in Terceira, most of which were from the Acaulosporaceae and Glomeraceae. Eighteen spore types were found in both islands, and just five from the Glomeraceae only occurred in São Miguel. In Terceira, especially in TB, Glomoid sp.6 was the dominant species (RD = 45.34%, FR = 73.33%, IV = 59.18%), followed by Ac. brasiliensis (RD = 11.84%, FR = 93.33%, IV = 52.59%), while in TS, Glomeraceae sp. 1 was the dominant species (RD = 45.15%, FR = 83.33%, IV = 64.24%) followed by Glomus sp. 2 (RD = 35.59%, FR = 63.33%, IV = 49.42%) ( Table 3 ). In São Miguel, Glomeraceae sp. 1 was the dominant species (RD = 44.32%, FR = 66.67%, IV = 55.49%) in SG, while in SR, the dominant species were Ac. mellea (RD = 17.5%, FR = 9.00%, IV = 53.53%) followed by Glomus sp. 2 (RD = 26.77%, FR = 8.00%, IV = 53.39%) ( Table 3) .
Spore density
The AMF species density differed significantly between island (Nested ANOVA: F (1, 2) = 51.44, p < 0.001), and among sampling dates within native fragment (F (8, 99) = 9.64, p < 0.001). However, no significant differences were observed in AMF spore density between native fragments within each island (Nested ANOVA: F (2, 4) = 0.11, p = 0.114). The average AMF spore density per sample was higher in Terceira than in São Miguel ( Fig. 2a ) and showed a marked temporal pattern among sampling times, especially between the first autumn and the following spring, with an increased spore density during spring (Fig. 2b) . The minimum spore density was found in SG in the first and second Autumn with an average of 31 and 82 spores per 50 cm 3 , respectively (Fig. 2b) , while TS showed Fig. 1 Score plot for the PCA of soil properties for samples from the four native fragments studied (TB green squares, TS blue squares, SGred squares and SRdark blue squares). The two axes explained 78% of the variation present in the samples the maximum spore density in Spring with an average of 462 spores per 50 cm 3 (Fig. 2b) .
Spores of species in the Acaulosporaceae was significantly higher in Terceira than in São Miguel (Kruskal-Wallis test; Acaulosporaceae spore density: H = 55.29; p < 0.001) ( Fig.  3a) and among the four native fragments (Kruskal-Wallis test; Acaulosporaceae spore density: H = 45.48; p < 0.001) (Fig.  3b ), but no significant differences were found among the sampling dates. TB showed the highest spore density from the Acaulosporaceae and SG the lowest, but no significant differences were observed between TS and SR. Spore density of members of Diversisporaceae also varied significantly between the two islands (Kruskal-Wallis test; Diversisporaceae spore density: H = 19.16; p < 0.001) ( Fig. 3c ), but, on the contrary, density of species from this family was higher in São Miguel than in Terceira. Significant differences were found in Diversiporaceae spore density among fragments (Kruskal-Wallis test; Diversisporaceae spore density: H = Acaulospora brasiliensis 24.54; p < 0.001) ( Fig. 3d ) and among sampling dates (Kruskal-Wallis test; Diversisporaceae spore density: H = 33.33; p < 0.001) (Fig. 3e ). Spore density difference between TS (lowest) and SG (highest) was significant, but SG, SR, or TB did not differ, and over time was its minimum during the first autumn and its maximum at the second autumn. A similar pattern was observed for spore density from the Gigasporaceae which varied significantly between the two islands (Kruskal-Wallis test; Gigasporaceae spore density: H = 12.17; p < 0.001) ( Fig. 3f ) and among the four native fragments (Kruskal-Wallis test; Gigasporaceae spore density: H = 33.88; p < 0.001) (Fig. 3g ), but no significant difference was observed among sampling dates. Density of members of the Gigasporaceae was higher in São Miguel than in Terceira especially in SR, and lowest in TB.
Spore density of members of the Glomeraceae differed significantly between Terceira and São Miguel (Kruskal-Wallis test; Glomeraceae spore density: H = 25.75; p < 0.001) ( Fig. 3h ) among native fragments (Kruskal-Wallis test; Glomeraceae spore density: H = 30.36; p < 0.001) ( Fig. 3i ) and sampling dates (Kruskal-Wallis test; Glomeraceae spore density: H = 26.55; p < 0.001) ( Fig. 3j ). Such spore density was higher in Terceira than in São Miguel, with TS being highest, followed by TB, and SG lowest, but no significant difference was found between the two sites from São Miguel. Over the time, spore density from Glomeraceae peaked at the spring, although no significant difference was found between this season and the second autumn, and achieved its minimum on the first autumn.
Mycorrhizal colonisation
All the P. azorica samples were mycorrhizal, with colonisation ranging in Terceira from 77 to 97% (mean 87%) and in São Miguel from 57 to 86% (mean 76%). However, samples from Terceira showed significant higher colonisation than samples from São Miguel (Kruskal-Wallis test; total mycorrhizal colonisation: H = 54.64; p < 0.001) (Fig. 4a ), due to the lower level of colonisation at both native fragments in this island (Kruskal-Wallis test; total mycorrhizal colonisation: H = 55.29; p < 0.001) particularly in the SG samples (Fig. 4b ).
Mycorrhizal colonisation also showed a clear temporal pattern among sampling dates (Kruskal-Wallis test; total mycorrhizal colonisation: H = 26.84; p < 0.001). Overall, average mycorrhizal colonisation was highest during spring and lowest in the second autumn (Fig. 4c ).
Colonisation type of mycorrhiza
In all sites, AM fungal colonisation byarbuscules were the most common form of colonisation found in the roots of P. azorica samples but varied significantly between island (Kruskal-Wallis test; arbuscular colonisation: H = 50.93; p < 0.001), among native fragments (Kruskal-Wallis test; arbuscular colonisation: H = 51.03; p < 0.001) and sampling dates (Kruskal-Wallis test; arbuscular colonisation: H = 43.19; p < 0.001). Arbuscular colonisation was higher in Terceira than in São Miguel especially in TB during the spring, although no significant difference occurred between the two native fragments from Terceira. The same pattern was observed to hyphal colonisation, i.e., significant variation between the two islands (Kruskal-Wallis test; hyphal colonisation: H = 14.08; p < 0.001), among native fragments (Kruskal-Wallis test; hyphal colonisation: H = 14.27; p = 0.003) and sampling dates (Kruskal-Wallis test; hyphal colonisation: H = 27.74; p < 0.001). Hyphal colonisation was highest in Terceira than in São Miguel, particularly in TS, although no significant difference was observed between the two native fragments from Terceira, and lowest in SG. Hyphal colonisation was significantly higher in the second autumn than in the spring and the first autumn. Numbers of intraradical spores, or vesicles, also changed significantly between Terceira and São Miguel (Kruskal-Wallis test; vesicular colonisation: H = 16.61; p < 0.001) and among native fragments (F = 18.02; p < 0.001), but no significant difference was observed in these characters among sampling dates.
Effect of environmental variables on spore density
The four forest fragments of P. azorica differed significantly in most of the soil and climatic factors evaluated (Table 1) , thus revealing the relationships between the environmental factors and AMF communities. The effect of differences in soil properties and climatic variables on spore density varied depending on AMF family. From the regression analysis, the best model for the effect of environmental variables on Acaulosporaceae spore density included pH (t = -2.73, p = 0.007), relative air humidity (t = 2.62, p = 0.01) and soil available P (t = − 2.19, p = 0.03) ( Table 4 ). Taxa from the Acaulosporaceae were negatively correlated with soil pH and available P, while the relative air humidity influenced positively the sporulation of species in this family. The best model for gigasporaceous spores shows an increase with soil available K (t = 5.08, p < 0.001), and a decrease with relative air humidity (t = -3.65, p < 0.001) and soil available Mg (t = -2.80, p = 0.006) (Table 4 ).
In comparison, multiple regression analysis of Glomeraceae family members revealed relationships involving all the climatic variables and soil properties, except organic matter and available soil P. The spore density from the Glomeraceae showed a strong positive correlation with monthly rainfall (t = 3.83, p < 0.001) and available soil magnesium (t = 2.92, p = 0.004), but a strong negative correlation with mean monthly temperature (t = − 3.65, p < 0.001), relative air humidity (t = − 3.60, p < 0.001), available soil K (t = − 3.09, p = 0.003) and pH (t = − 2.66, p = 0.009) ( Table 4 ). The best model for the effect of environmental variables on spore density of taxa in the Diversisporaceae included monthly rainfall (t = 6.79, p < 0.001), mean monthly temperature (t = − 5.73, p < 0.001) and soil available K (t = 3.87, p < 0.001) ( Table 4 ). Density of spores from the Diversisporaceae was positively influenced by monthly rain and available soil K, but negatively affected by the increasing of mean monthly temperature.
Effect of environmental variables on mycorrhizal colonisation
Mycorrhizal colonisation (all measurements) was correlated with environmental variables. The best model for the effect of environmental variables on total colonisation included monthly rainfall (t = − 5.97, p < 0.001), pH (t = − 4.57, p < Fig. 2 a) AMF spore density (mean ± SE, N = 90) per 50 g of soil in each island (Terceira and São Miguel) and b) AMF spore density (mean ± SE, N = 10) by sampling time (September 2012, AU (1) ; May 2013, SP; September 2013, AU (2) ) within each fragment (Terra Brava -TB; Serreta -TS; Lombo Gordo -SG; Ribeira Quente -SR). Different letters above each bar indicate significant differences in AMF spore density between fragments or sampling date (Tukey test, p < 0.05) 0.001), available soil P (t = − 4.11, p < 0.001), available soil K (t = − 3.53, p < 0.001) and available soil Mg (t = 3.22, p = 0.002) ( Table 5 ). Total mycorrhizal colonisation was negatively affected by the increase in pH, and the available soil P and K, but higher concentrations of available Mg in the soil seem to improve total mycorrhizal colonisation.
Arbuscular colonisation was correlated with all environmental variables except available soil Mg. The best model for the effect of environmental variables on arbuscular colonisation fits to mean monthly temperature (t = − 9.66, p < 0.001), monthly rainfall (t = 7.69, p < 0.001), relative air humidity (t = − 4.73, p < 0.001), organic matter content (t = 3.57, p = 0.001), available soil P (t = − 3.42, p = 0.001) and available K (t = − 3.29, p = 0.001) ( Table 5 ). Equations of regression analysis showed that 68% of the general variation in arbuscular colonisation could be explained by these Fig. 3 Spore density of each family of Glomeromycota in each island and in the four forest fragments (Terra Brava, TB; Serreta, TS; Lombo Gordo, SG; Ribeira Quente, SR) for members of the families: a-b) Acaulosporaceae; c-e) Diversisporaceaeae; f-g) Gigasporaceae; hj) Glomeraceae, obtained during three sampling dates time (September 2012, AU(1); May 2013, SP; September 2013, AU(2)). Bold line represents median, x signals the media and the bottom and top of the box represent lower and upper quartiles. Different letters above each box indicate significant differences in AMF spore density between fragments or sampling date (Kruskal-Wallis test, p < 0.05) environmental variables. The best model to intraradical spore or vesicle levels included available soil K (t = − 3.07, p = 0.003) and monthly rainfall (t = − 2.53, p = 0.01) (Table 5) , both environmental variables being affecting decrease on vesicular colonisation. By regression analysis, the best model for the effect of environmental variables on hyphal colonisation included monthly rain (t = 6.22, p < 0.001), mean monthly temperature (t = 4.57, p < 0.001), available soil P (t = − 3.31, p = 0.001), organic matter content (t = 2.89, p = 0.005) and relative air humidity (t = 2.64, p = 0.01) ( Table 5 ). Hyphal colonisation was positively correlated with all environmental variables but decreased as available soil P increased.
Canonical correspondence analysis
Canonical correspondence analysis also revealed clear relationships between glomeromycotan community structures and environmental factors (Fig. 5 ). Figure 5 presents the triplot for the first and second CCA axes, which together explained 71% of the total variance (Table 6) indicating that environmental factors had significant effects on glomeromycotan spore production in P. azorica rhizosphere (Table 6) .
Monte Carlo random test indicated that elevation (F = 11.87, p = 0.001), relative air humidity (F = 3.76, p = 0.001), mean monthly temperature (F = 2.90, p = 0.001), soil available Mg (F = 2.32, p = 0.006) and soil available K (F = 2.12, p = 0.002) were the dominating factors affecting spore production in the glomeromycotan communities.
Forty-five glomeromycotan spore morphotypes clustered into four groups (AMF groups I-IV) in the CCA triplots, with different groups responding differently to environment variables (Fig. 5) . The spore density of group I, composed mainly of members of Acaulosporaceae, was represented by all TB samples. In this native fragment, the lowest soil available P and soil pH were positively correlated to a higher spore density of Acaulosporaceae, as well as to the higher total mycorrhizal colonisation and colonisation by arbuscules and hyphae. Members of this group also showed a positive correlation with elevation, monthly rainfall, relative air humidity, mean monthly temperature and OM content. TB is the P. azorica forest fragment located at high elevation, while the remaining three are of low elevation. Moreover, among the four forest fragments, OM content was higher in TB than in the other sites (Table 1) . Also, the highest values of monthly rain, relative air humidity and average monthly temperature were also recorded in TB.
The spore density of group II, mainly represented by members of Glomeraceae, was positively related Mg and K contents available in soil and pH and negatively related to elevation, monthly rainfall and mean monthly temperature, suggesting that the members of this family occur preferentially where content of available P and available Mg is high (Fig. 5) . The spore density of group III composed of a mix of species in the Gigasporaceae and Diversisporaceae was positively related with soil available K and negatively related with the elevation and OM content (Fig. 5 ). Almost all samples from both sites of São Miguel were present in groups II and III, where soil available P and K were significantly higher than in sites from Terceira (Table 1) , and where OM content was the lowest.
Discussion
The roles of AMF have been well documented in different terrestrial ecosystems; however, their ecological role in protected environments, such as natural reserves, is poorly studied. The output of such information has a high socioecological value that is enhanced by the presence of rare or endangered plant species (Triantis et al. 2010) , because those niches could constitute vital repositories for the conservation of AMF diversity (Turrini et al. 2010) . Overall, a total of 45 AMF spore morphotypes were detected from the four fragments of P. azorica forest representing nine families of AMF. This is a high number, as only about 300 species have so-far been classified from spore morphology worldwide for the phylum Glomeromycota (http://amf-phylogeny.com). Almost the same number of AMF spore morphotypes (39) was found in the rhizosphere of Juniperus brevifolia in different f ragments of the same native forest, where Acaulosporaceae and Glomeraceae were also the dominant families in rhizosphere of this endemic woody plant . A study by Velázquez et al. (2013) in a National Park of Argentina also showed that species of Acaulosporaceae were the most widespread and abundant glomeromycotan family with 49% of spores, followed by Glomeraceae (40%) and Gigasporaceae (6%). As in remnant populations of another endangered tree species (J. brevifolia) spore density among the dominant AMF families, and root colonisation varied significantly between Terceira and São Miguel islands . This difference between AM fungal communities of Terceira and São Miguel suggests that a regional mosaic of soil types may be important for maintaining high AM fungal diversity (Lekberg et al. 2007; Melo et al. 2017) .
Several factors have been identified that may influence AMF distributions, including abiotic (e.g., soil physicochemical properties) and biotic (e.g., host plant) factors, and intrinsic properties of species (e.g., dispersal ability) reviewed by Chaudhary et al. (2008) . In this study, significant relationships between AMF spore density of the commonest families, mycorrhizal colonisation, and environmental factors, such as elevation, relative air humidity, soil pH, and soil available P, K, and Mg were revealed by regression and CCA analyses. The highest spore density of Acaulosporaceae as well as the highest total mycorrhizal colonisation and colonisation by arbuscules was found in TB, which could be explained by specific environmental factors such as high OM content, rainfall, lower soil pH, and soil available P and K that characterise this site. Alguacil et al. (2009) showed that application of OM can improve soil aggregation and microbial activities, which increased AM fungal diversity in long-term study. In undisturbed environments, Velázquez et al. (2018) also found that the highest organic matter content was positively correlated with the percentage of AMF colonisation.
Variability in water regimes may influence AMF communities within roots by regulating the level of AMF colonisation and the assemblage of different species (Deepika and Kothamasi 2015; Zhang et al. 2016) . In Azorean native fragments, relative air humidity and rainfall are significant drivers for AMF spore density, especially for members of the families Acaulosporaceae, Diversisporaceae and Glomeraceae which were positively correlated with these abiotic factors. In contrast, members of the Gigasporaceae showed negative correlation with these climatic variables. Other spore-based studies also showed that rainfall influences AMF sporulation (Sun et al. 2013) , spore density and richness (Torrecillas et al. 2013; Melo et al. 2017) , and spore community composition (Zhang et al. 2016 ). Pande and Tarafdar (2004) suggested that increased rainfall and relative air humidity increased AMF colonisation. Zhang et al. (2016) also showed that precipitation directly affected AMF hyphal length density and suggested that water availability could drive the changes of AMF communities at regional scale. Several studies discussed that Acaulosporaceae members may be confined to the harsh environmental conditions of uplands (Gai et al. 2012; Senés-Guerrero and Schüßler 2016) and are dominant in protected areas representing more than 50% of all AMF species found, whilst Glomeraceae represents only 46.3% (Turrini and Giovannetti 2012; Velázquez et al. 2016) . TB is included in Terceira Natural Park, so the relative high root colonisation and AMF spore density in this native fragment may be related to the low disturbance of this ecosystem, as compared to the other studied location at low elevation close to human activities that can influence AMF species composition (Moora et al. 2014; Zhao et al. 2017) .
Spore abundance and species richness can vary over elevation gradients (Li et al. 2014; Coutinho et al. 2015) . In our study, we found a positive correlation of Acaulosporaceae spore density with elevation, which is in contrast with the study of Gai et al. (2012) and Wang et al. (2015) who found a decrease in spore abundance with increasing elevation.
Soil pH is another environmental factor which can affect AMF (Guo and Gong 2014; Melo et al. 2014 Melo et al. , 2017 . SRgreen circles). P, Olsen phosphorus; K, potassium; Mg, magnesium; OM, organic matter; pH; ELEV, elevation; MR, monthly rainfall; RH, relative air humidity; AMT, average monthly temperature Mycorrhizal fungi varies in their pH tolerance; some can be found mainly in low pH soils (e.g., some Acaulosporaceae), whereas others prefer alkaline and neutral substrates (e.g., some Glomeraceae) (Bainard et al. 2014) .
Soil phosphorus availability is a critical factor for AMF in terms of both root and soil colonisation, as several studies have indicated that high available P reduced mycorrhizal colonisation and spore production (Lakshmipathy et al. 2012; Gosling et al. 2013) . The soil available P in both sites from São Miguel seems to have a significant negative influence on AMF activity. Moreover, members of Glomeraceae were predominantly found in SG and SR where the soil available P is higher than in sites from Terceira (TB; TS) probably showing sporulation adaptability to environmental conditions (Schalamuk and Cabello 2010) . These interactions may be attributable to the stimulation by soil phosphorus of spore germination and hyphal growth (Miranda and Harris 1994) . The high abundance of Glomeraceae in disturbed habitats has been related to considerable capacity of some of its most frequently found members, e.g., Rhizophagus irregularis, to sporulate (Moora et al. 2014) , to colonise roots from already AMF colonised root fragments (Schalamuk and Cabello 2010; Varela-Cervero et al. 2016 ) and form anastomoses readily (de la Providencia et al. 2013; de Novais et al. 2017 ). All these characteristics may increase the competitive ability of these fungi, because of the rapidity and extent at which the external mycelium develop in soil.
Soil K is known to have a stimulatory effect on AMF attributes, by increasing the colonisation rate of AMF under drought stress; usually a minimum of soil K has been suggested to be a prerequisite for mycorrhizal colonisation in some plant species . In our study, P. azorica, a negative correlation between soil K and AMF total root colonisation and colonisation by all AMF structure except hyphal colonisation, was statistically significant. This finding is in agreement with those reported by Panwar et al. (2011) who found a negative correlation between soil K and AMF sporulation in all the study sites. Conversely, there is a positive correlation between soil available K and density of spores from members of the Gigasporaceae.
The temporal variation in the spore density (Velázquez et al. 2013; Bouazza et al. 2015; Melo et al. 2017 ) and in the root colonisation in P. azorica probably reflects different strategies among AMF. Several AMF families have seasonal pattern of sporulation, while some show a steady production of spores all year long, sporulation in others occurs at different times in the growing season (Bouamri et al. 2014) . Our results showed that sporulation of members of the Diversisporaceae and Glomeraceae fluctuated throughout the three sampling dates, i.e., Diversisporaceae sporulated better during the wet season (autumn), while Glomeraceae sporulated better during warm season (spring). On the contrary, members of the Acaulosporaceae and Gigasporaceae sporulated regardless of the sampling date. This result is opposite to found by Velázquez et al. (2013) who found seasonal patterns on spore abundance of Acaulosporaceae and Gigasporaceae throughout the year. These seasonal differences in sporulation patterns are characteristic of AMF-community dynamics and could be explained by fungal substitutions determined by the differing life strategies of both the fungi and their hosts, adapting to particular climatic conditions, soil moisture regimes and host phenology (Maherali and Klironomos 2007; Powell et al. 2009; Chagnon et al. 2013) .
All fungal structure also showed a marked seasonality, particularly in the Spring harvest. The abundance of intraradical structures may be related to host growth, flowering and fruit production (Bainard et al. 2014) . Thus, the high percentage of AMF root colonisation in our spring sampling date matches with the start of spring flush of growth of P. azorica at the sites, and with the turnover of new short roots which increase the withdrawal of nutrients and starch content in autumn and winter.
During flowering and/or fruiting, the phosphorus demand is high and thus AMF colonisation levels were also high. This can also be demonstrated by the higher percentage of AMF arbuscule colonisation during this season. Likar et al. (2009) also found another peak in arbuscule formation during flowering, in Cruciata laevipes and Mentha piperita and argue that the rate of arbuscule formation can be enhanced during periods of extensive productivity in plants, such as flowering. Arbuscules are formed where nutrients are exchanged between plant and AMF, and a high percentage of arbuscular colonisation indicates an intense activity between the symbiotic partners (Greipsson and DiTommaso 2006) . 
Conclusion
Mycorrhizal fungi play a complex role in ecosystems function, so knowledge of their distributional patterns is important especially in view of the current environmental threats to AMF diversity (Turrini and Giovannetti 2012) . Our results support the hypothesis that environmental variation and host phenology can influence the AMF colonisation and spore density resulting in a shift of AMF community composition through the season. At each sampling date, there was a specific AMF community composition: some dominant AMF types were replaced by others, and some disappeared due to variation in life-history characters of the different AMF species. Restoration of native forest may be facilitated by understanding the mycorrhizal symbioses best suited to the ecological conditions optimal for both host plant and their fungal symbionts, since different studies show contradictory results dependent on researched area. Therefore, efforts to establish the most appropriate AMF in culture for use in restoration programmes are needed. Optimal management of ecosystem services played by AMF could have an impact on the net gain for human society.
